It is well known that if the ultra-high energy cosmic rays (UHECRs, E > 10 20 eV) were protons then their acceleration sites should possess some extreme properties, including gigantic luminosity. As no stationary sources with such properties are known in the local (D < 200 Mpc) neighborhood of the Milky Way, it is highly likely that the UHECR acceleration takes place in some transient flares. In this paper we investigate scenario where the UHECRs are produced in strong AGN flares. Using more than 7 years of the Fermi-LAT data and gamma-ray luminosity as a proxy for the bolometric luminosity, we select candidate flares and, using correlation between jet kinetic luminosity and its bolometric luminosity, obtain local kinetic emissivity of giant AGN flares: L ∼ 1.1×10
I. INTRODUCTION
Despite huge efforts the problem of ultra-high energy cosmic rays (UHECR, E > 10 18 eV) origin is far from being resolved -we do not know where these particles are accelerated [1] . Pure common sense suggests that the acceleration to such extreme energies takes place in regions with some extreme conditions, and it can be demonstrated more rigorously using so-called "Hillas plot" [2] : acceleration of energetic particles requires nontrivial combination of source parameters, primarily magnetic field strength B and acceleration region size L and that severely decreases the number of potential sources (e.g., [3] ). Active galactic nuclei (AGNs) are considered to be one of the most plausible candidates -it is very tempting to tap into a huge reservoir of energy coming from accretion of matter onto supermassive black hole. However, this model faces certain difficulties -a configuration needed for an effective acceleration is a very efficient photon source as well. It can be estimated that sources that can accelerate protons up to the highest energies exceeding 10 20 eV will have a bolometric luminosity larger than 10 47 erg s −1 [4, 5] . On the other hand, production of observed UHECR is a local phenomenon, * nizamov@physics.msu.ru † pshirkov@sai.msu.ru because due to an interaction with background photons the horizon of propagation of 10 20 eV protons is smaller than 150 Mpc [6, 7] . The existence of Greisen-ZatsepinKuzmin (GZK) cut-off in the UHECR energy spectrum was discovered by the HiRes experiment [8] and lately confirmed with a very high statistical significance by the Auger and the Telescope Array observatories [9, 10] . The problem is rather self-evident -there are no steady sources with required luminosity in the local volume. It was suggested that this difficulty can be solved by dropping the 'steadiness' condition -UHECRs can be accelerated in flares of AGNs. Flares with isotropic luminosity > 10 50 erg s −1 were observed [11] , so it is theoretically possible to accelerate protons up to energies exceeding 10 21 erg. This model can be tested observationally. In order to do that we have used γ-ray observations of the Fermi LAT in the high energy (HE, E > 100 MeV) range. Fermi LAT observes the whole sky every three hours since August 2008, providing almost uniform coverage with a high temporal resolution. We have focussed at the 'local sources' (z < 0.3) because we wanted to avoid complications that arise due to a redshift evolution but still retain a decent statistics, with a probed volume that is more than 1000 times larger than a GZK volume.
We have selected all flares with a luminosity above threshold corresponding to acceleration of UHECR protons to energies E > 10 20 eV and calculated total fluence of these flares. That allowed us to obtain local emissiv-ity in the HE γ-rays, estimate the bolometric and kinetic emissivities, and finally obtain the ratio of UHECR to kinetic emissivity.
The paper is organized as follows: in Section II we describe the data and method of data analysis, Section III contains our results and discussion, and we draw conclusions in Section IV.
II. DATA AND METHOD
The goal of the present work is to investigate whether the AGNs can be possible sources of the UHECRs with E > 10 20 eV even in the case of the lightest (protonic) composition. Only sources with some extreme properties can accelerate protons to these energies [2, 3] and the closest stationary source of the kind resides far out the GZK volume V GZK , which we define as a sphere with a radius R GZK = 150 Mpc -a mean attenuation free path of a particle with the initial energy of 10 20 eV. However, strong flares of AGNs can possibly accelerate protons to the very highest energies [4, 5] . Stringent requirements on the size of the acceleration region and strength of the magnetic field there naturally translate into the lower limit on the 'magnetic luminosity' L B (e.g. [4] ):
which is adopted in this paper as a threshold value; E 20 is the UHECR energy in units of 10 20 eV. Such extreme flares have never been observed in V GZK (see below for the method of L B estimation). Nevertheless it is possible to calculate their local energetics using much larger test volume V 0 : we have selected a sphere with a radius corresponding to z = 0.3, V 0 > 10 3 V GZK . This volume is large enough to avoid significant statistical fluctuations and still it is appropriate to neglect effects of cosmological evolution at z < 0.3. Firstly, we selected all flaring sources satisfying Eq. (1) , that potentially could be the sites of UHECR acceleration. It is impossible to directly measure L B , so we used bolometric luminosity L bol as a proxy. That implies that energy density of the magnetic field and electrons are close, B ∼ e and AGN jets radiate efficiently.
The whole approach is made feasible by the fact that the bolometric luminosity can be rather reliably estimated using only the high-energy luminosity L γ , 0.1 GeV < E γ < 100 GeV [12] :
The spectral-energy distribution of the blazars -and all selected flaring sources belong to this class -consists of two peaks. The first one lies around optical frequency range, and the other one is usually in the HE region; the luminosities in two peaks are comparable. This justifies the adoption of the factor 2 in the Eq. (2) . There can be a slight overestimation of this coefficient due to the fact that for the sources being in the high state the second peak becomes more pronounced.
For almost 10 years Fermi LAT has been continuously observing the celestial sphere at energies > 100 MeV. That allowed us to compile the full census of the very bright flares in the local Universe. We have made use of the second catalog of flaring gamma-ray sources (2FAV) based on Fermi All-Sky Variability Analysis (FAVA) [13] . This catalog is a collection of gamma-ray sources which show significantly higher (or lower) photon flux in a given time window as compared to what could be expected from the average flux from the source direction. The catalog is based on the Fermi observations during the first 7.4 years of the mission.
Among the AGNs in 2FAV we selected those within the test volume V 0 . There are controversial determinations of z for the source PMN J1802-3940: there are a number of works with low estimation, z = 0.296 while in several others the source is placed at much higher redshift, z = 1.32. For the sake of robustness, we included the source in our list with the lower value of z. Moreover, it is possible that some AGNs could be in high state for a time span longer than 7.4 years and therefore enter the catalog as steady sources. In order not to miss such objects, we checked 3FGL catalog for superluminous sources within z = 0.3. For the sources with known redshift we approximated the isotropic equivalent bolometric luminosity with (2) where L γ ∼ 4πd 2 F 100 , d is the distance to the source and F 100 is the energy flux above 100 MeV taken from 3FGL. Only one source with the known z ≤ 0.3, S5 0716+71, exceeded the threshold (1). This source is also in 2FAV catalog and we included it in our analysis. The final list of selected AGNs consists of thirty nine sources and is shown in Tab. I. In this table N flare is the number of flares detected in a given source
1 . There are different ways to estimate the gamma flux with their own advantages and drawbacks. First, one can use aperture photometry (AP) light curves which are available, e.g., on the SSDC website 2 . This simple approach does not distinguish between source and background photons, therefore the flux is inevitably overestimated, especially at low galactic latitudes. Second, one can obtain maximum likelihood (ML) flux estimates for each flare using a Fermi Science Tools routine gtlike. This approach is the most rigorous, but the total length of the time intervals to be analyzed and their number makes such task very challenging. In this work, we use the first approach, i.e. we obtain the flux from AP data obtained from SSDC and use it to estimate the total kinetic power. There is a strong correlation between the flux in the high energy range, 0.1 -100 GeV and bolometric luminosity. At the same time it is desirable to use as higher energies as possible in order to maximally avoid contamination by the background photons because the point-spread function of Fermi LAT quickly deteriorates with decreasing energies. Our strategy is to calculate the AP flux in the range 1 -100 GeV within 2 degrees from the source and extrapolate it down to 0.1 GeV in the assumption of a flat spectrum. We check the correctness of such procedure in two steps. First, we compare the fluxes in the range 1 -100 GeV obtained by AP and ML. It appears that AP is mostly consistent with ML within the statistical uncertainties (see Appendix A for details). Second, we estimate what error can be introduced to our estimations by the flux extrapolation to the range 0.1 -100 GeV in the assumption of a flat source spectrum and find that it underestimates the flux by up to 40% for typical blazar spectra (see Appendix B). The threshold luminosity given by Eq. (1) depends on the bulk Lorentz factor of the jet. We used Lorentz factor Γ = 10 as a robust benchmark value [14] [15] [16] and considered acceleration to energies higher than 10 20 eV. These parameters set the threshold (1) at the level of 10 47 erg/s. We have explicitly checked that the acceleration in this regime was not limited by the synchrotron losses. Due to a relatively long duration of flares (> 10 5 s) constraints on the minimal size of the acceleration region are greatly relaxed, which in turn allows to decrease magnitude of needed magnetic field and, therefore, importance of synchrotron losses, see e.g. eqs. (1) and (2) in [4] . After that we selected the time intervals where the estimated luminosity exceeds the threshold. In other words, we choose the time intervals when a given AGN can accelerate UHECRs. As a proxy of the bolometric luminosity we use the radiative energy flux in the range 0.1 -100 GeV multiplied by a factor of 2 (see (2)).
Now it is possible to estimate total kinetic energy of these flares: within the chosen intervals we convert gamma-ray luminosity to the jet kinetic power as proposed by [12] :
We assume that, due to the beaming of the photons, we can not observe all blazars, but only a fraction of order
where Ω b is the surface angle of each of the two jets. Therefore in order to obtain the estimate of the total kinetic energy within the test volume we multiply P jet by 2Γ
2 . The kinetic energy thus obtained is divided by the time of observation (7.4 years) and by the volume V 0 which gives the total kinetic emissivity. The value obtained is 1. eV. Our own calculation which follows the approach of [18] using the photo-pion production cross-section from [19] gave the values of 7.8 × 10 43 erg Mpc −3 yr −1 and 1.5 × 10 43 erg Mpc −3 yr −1 (see Appendix C). The first value corresponds to the UHECR intensity as observed by Telescope Array collaboration [10] , and the second value corresponds to the intensity reported by the Pierre Auger collaboration [20] . Thus, the ratio of the UHECR emissivity to the AGNs' jet kinetic power, according to our estimations, varies from 1.4 × 10 −2 in case of the lower UHECR flux of Pierre Auger to 7.5 × 10 −2 in case of the higher UHECR flux of Telescope Array. In Appendix D we show how this estimation is affected by the uncertainty of the threshold (1).
III. DISCUSSION
In the previous section we have calculated emissivity in UHECRs L UHECR = 7. . The latter one was calculated taking into account the fact that we can observe only small fraction of all flaring sources and total observed kinetic emissivity should be multiplied by the number of unseen sources, n = 2π/Ω b ∼ 2Γ
2 . The viability of the scenario crucially depends on the degree of UHECR beaming, Ω UHECR . If the accelerated UHECRs remain strongly beamed with Ω UHECR ∼ Ω b , the UHECR emissivity L UHECR will be corrected for the beaming factor as well. As after this correction L UHECR will be much larger than L kin it would clearly make the model unfeasible.
The UHECRs can be effectively isotropised during their propagation towards the observer, increasing Ω UHECR up to value of order unity. The isotropisation can take place either in the immediate vicinity of the flaring region, which in turn shall be very close to the AGN engine, or in the magnetized intracluster medium. Large values of Ω UHECR mean that the observed flux of cosmic rays is generated by large number of flares with only small fraction of them pointing at us.
Even then, the luminosity in the UHECRs with E > 10 20 eV amounts to a sizable fraction of the full kinetic luminosity of suprathreshold AGN flares in the local Universe, 1.4 × 10 −2 or 7.5 × 10 −2 depending on the UHECR spectrum selected, either PA or TA. Nevertheless, from the point of view of pure energetics it is not impossible that these flares can be the primary sources of the CRs of the highest energies. More than that, relatively large value of the ratio of UHECR to the full kinetic luminosity allows to put stringent constraints on the properties of the spectrum of CRs produced in the flares. We demanded that the total amount of energy in these CRs will not exceed one half of the kinetic energy [21] . The spectrum of the UHECRs was described as a simple powerlaw, ∝ E −α , E min < E < E max = 10 21 eV bounded from above and below. The results in form of E min (α) curves are presented in the Fig. 1 . We have also checked that the results are not considerably changed with an increased value of E max = 10 22 eV. It can be seen that soft extended spectra are excluded with a high degree of confidence, and the spectrum of produced UHECR must be sufficiently hard and/or narrow. A lot of models predict the very same shape for the spectrum of particles escaping from relativistic collisionless shocks (e.g., [22] [23] [24] ) or accelerated immediately in BH magnetospheres [25] .
Additional constraints on the spectral shape can be obtained using multiwavelength and multimessenger observations -large regions of parameter space can be excluded depending on realized scenario of the cosmic source evolution [26] . This question with detailed treatment of the redshift dependence of AGN flares energetics will be studied elsewhere.
Small number of observed events with E > 10 20 eV does not allow to perform meaningful large-scale anisotropy studies, it is still impossible to reliably distin- FIG. 1 . Constraints on the spectrum of the UHECRs produced in extreme AGN flares. The spectrum is described by a power law: dN/dE ∼ E α , Emin(α) < E < Emax = 10 21 eV. The upper/lower curve corresponds to the TA/PAO energy spectrum parametrization.
guish between isotropic or some anisotropic distributions. Nevertheless, it is safe to claim that at any given moment the number of active sources in the V GZK must be larger or equal than one [27] . We have observed N = 13 potential sources in t = 7.4 years inside V 0 = 10 3 V GZK volume which gives the following estimate for the rate of extreme UHECR producing flares in the GZK volume:
Number of active UHECR sources can be readily estimated as
where t UHECR is the duration of observed UHECR signal. At first glance, given that the typical duration of gamma flares t γ are of order of weeks 3 , this low rate seems to be at variance with the observations. However, being charged particles, UHECRs are subject to considerable deflection in the magnetic fields; when propagating short pulses are broadened by scattering:
where d is the propagation path length, θ s is the characteristic angle of scattering. The observed duration t UHECR = τ can be much longer than t γ . There are two closely related causes of scattering: first, there is a part due to the deflection in the random magnetic fields; second, there is considerable scattering due to a finite energy width of the pulse -cosmic rays at different energies are deflected by different angles. There are several regions where scattering can possibly take place. At the very least, a pulse of UHECRs will be deflected in the Galactic magnetic fields. At these energies, the magnitude of scattering due to the random parts of the galactic magnetic field will be several tenth of degree for out of the Galactic plane directions [28] , corresponding length is of order of kpc. Also the signal will be spread by several degrees in the regular galactic magnetic fields [29] . That translates to characteristic time scales τ around several decades. Also the UHECRs will be scattered during inevitable isotropization -the corresponding timescales are highly uncertain, they could be very large if the UHECRs were scattered in the magnetic fields of clusters, or, on the other hand, they could be insignificantly small if the primary site of the isotropization was very close to the source. Another sites of possible scattering include the local filament of the Large scale structure [30] or the extragalactic voids [31] . In the former case possible time delays could be of order 10 5 years, when in the latter case they could exceed 10 7 years. That means that at the highest energies we will simultaneously observe at least O(10) sources and probably many more.
There are several underlying assumptions that are important to our approach and should be emphasized. First, we assume that the jets are radiatively efficient and magnetic field energy is in a rough equipartition with energy of relativistic electrons. Only that premise allows us to estimate magnetic luminosity from the observed bolometric luminosity, and in case of radiatively inefficient jet and/or large deviation of B / e ratio from unity our estimate will be inaccurate. Still, our algorithm for search for extreme flares is likely to be on the conservative side, as one would expect that B / e ratio rather deviates towards larger values, meaning that we underestimate number of potential sources. Also some underestimation of real L kin can be due to a number of blazars without assigned redshift. There are 65 associated sources without assigned redshift in the 2FAV catalog, 57 of them would satisfy Eq. 1 if they were situated at z = 0.3. In the highly unlikely scenario that all sources without estimated redshifts reside so close inside V 0 volume it will shift upwards our estimate of L kin by factor of 3 and, accordingly, the estimate of energy available for UHECR acceleration, see Appendix D.
We have chosen the lightest, protonic, composition for the UHECRs as a limiting scenario. From the theoretical point of view, acceleration of protons to the highest energies is very difficult, i.e. if it is possible for some class of sources to accelerate them, then, a fortiori, these sources can potentially produce UHECRs nuclei with larger atomic mass A. From the observational point of view, the composition of the UHECRs at the highest energies is still far from being certain: while the results of the Telescope Array experiment favour lighter one [32] , the ones of Pierre Auger Observatory indicate that there is progressive increase in A at higher energies [33] , although the detailed analysis shows that there is a good agreement between distributions in shower depth maximum within the systematic uncertainties [34] . Still, even the PAO results are fully consistent with existence of large fraction of protons even at the energies E > 10 19 eV. More than that, due to a very low statistics 4 there is no information about UHECR composition at the energies E > 10 20 eV, so it is not inconceivable that we will eventually observe decrease in A.
Finally, we have tried to evaluate how our results depended on the exact value of threshold (Eq. (1)
IV. CONCLUSIONS
The full census of strong local gamma-ray flares at redshifts z < 0.3 from the Fermi-LAT data was used in order to find ones that can possibly accelerate protons to the highest energies E > 10 20 eV and estimate maximal disposable amount of kinetic energy that can be potentially used for UHECRs acceleration. The estimated kinetic emissivity is more than one order of magnitude higher than the UHECR emissivity obtained from the observations, that makes the scenario feasible from the point of view of total energetics, if the escape spectrum of cosmic rays is not too soft. Also, the number of potential sources in the Greisen-Zatsepin-Kuz'min volume is high enough, so no markedly anisotropic distribution of UHECRs is expected which is perfectly in line with the current observations. Thus, the giant flares of the AGNs similar to ones observed with the Fermi LAT experiment can be primary sources of the UHECRs with energies E > 10 20 eV. 
if γ = 2 and
if γ = 2. Now we define a function f (γ) ≡ F(2)/F(γ) which is equal to the ratio of the energy flux above 100 MeV in the assumption of a flat spectrum to the "correct" one. Fig. 2 shows the function f (γ) for a range of typical values of γ. One can see that in the wide range of typical values of γ from 1.5 to 2.6 the inferred error does not exceed 40%.
Appendix C: UHECR emissivity
Here we present the calculation of the UHECR emissivity in the local volume needed to provide the observed UHECR intensity above 10 20 eV. Let N be the particle distribution function in space and energy and E is the particle energy. In general, N depends on the three space coordinates so that N (r, E)dV dE is the number of the particles inside the volume V . Consider the propagation of the particles along one coordinate s. The kinetic (transport) equation in one dimension is essentially the continuity equation in the space (s, E) and can be written in the form
where t is time, v is the particle velocity, dE/dt = vdE/ds is the energy loss rate, or the velocity in the energy space, S represents the source term. For our simple estimation we will assume that the medium is uniform and isotropic on the scale of 100 Mpc which justifies the use of one-dimensional approach and implies ∂/∂s ≡ 0.
We also assume stationarity on the scales of ∼300 Myr which leads to following relation: ∂/∂t ≡ 0. Moreover, at such relatively small scale we neglect the adiabatic losses. Losses due to pair production contribute very little at the energies above 10 20 eV and we do not take them into account. The different contributions to energy losses can be compared, e.g., using Fig. 1 of [36] . These assumptions leave us with
The energy losses are solely due to photo-pion production, therefore
where λ attn is the mean attenuation free path of a CR which can be obtained from Eq. 10 of [18] via multiplication by the CR velocity c and changing the order of integration:
Here T is the temperature of CMB, γ is the Lorentzfactor of the UHECR, is the CMB photon energy in the UHECR rest frame, th is the pion production threshold energy, σ( ) is the photo-pion production cross-section and K p ( ) is the interaction inelasticity, or the mean fraction of the energy lost by an UHECR in a photo-pion production event. Equation (C3) is equivalent to Eq. 1 of [36] . For ultrarelativistic particles the density and intensity are related via
hence, we obtain
which in principle expresses the spectrum of the UHECR sources given the observed spectrum and the photo-pion production cross-section. Now the total energetic emissivity in UHECRs can be obtained via integration of the last equation over energies with the weight E: The threshold (1) is not a well-defined quantity and its real value can deviate to a certain extent from the adopted value. We estimated the total kinetic luminosity as described in Section II with the threshold luminosities of 3 × 10 46 erg/s and 3 × 10 47 erg/s. The values obtained are 2.4 × 10 45 erg Mpc −3 yr −1 and 1.8 × 10 44 erg Mpc −3 yr −1 . The latter value is very close to the inferred UHECR emissivity which can make this scenario problematic.
Next, we note that in 2FAV catalog there are 65 sources with unknown redshifts. If we place them at the boundary of the test volume (z = 0.3), then 57 of them exceed the threshold (1) at some times. Then we can calculate the 'hypothetical' contribution of these sources to the overall kinetic luminosity. This contribution is equal to 3 × 10 45 erg Mpc −3 yr −1 (we excluded the sources within 5
• from the galactic plane). This is more than twice higher than the value given in Section II, however we stress that we considered a highly unlikely case when all the sources with unknown z reside at z = 0.3 thus making the largest possible contribution to the total kinetic emissivity.
Finally we note that in the 3FGL catalog there are also a number of sources with the unknown redshift. Analogously, we 'put' them at the distance of z = 0.3 and estimate their isotropic equivalent luminosity as 4πd 2 F 100 (see II). We find that in such a case no source with unknown z exceeds the threshold (1).
